Surface modification of polycrystal tungsten due to low-energy and high-flux helium plasma exposure was investigated. Micron-sized holes and bubbles were formed on the surface at a surface temperature of 2200 K even when the incident ion energy of helium was 10 eV. Hole formation was significantly reduced on the surface when the incident ion energy of helium was around 5 eV and no surface modification was seen at less than 5 eV. Coalescence of micron-sized helium bubbles was observed in the cross section of a W sample.
Introduction
Tungsten (W) is one of the most important candidates for divertor materials in a magnetically confined fusion experimental reactor such as the International Thermonuclear Experimental Reactor (ITER), due to its good physical and thermal properties at high temperatures. 1) It is predicted that the divertor plate will be exposed to low-energy and high-flux plasma with an incident ion energy of less than 100 eV and at a flux of 10 23 $10 24 m À2 s À1 , unlike other first-wall materials. Although numerous irradiation studies on various materials have been performed using ion-beam techniques, it is difficult for ion-beam techniques to simulate such conditions as divertor plasma because the typical ion flux of an ion beam is 10 19 $10 20 m À2 s À1 . Therefore, irradiation studies of plasma facing materials, particularly divertor materials, require some form of low-energy and high-flux plasma exposure. Plasma exposure studies have been performed on tungsten material in the linear divertor plasma simulators NAGDIS-I and NAGDIS-II so far. [2] [3] [4] [5] In a previous paper, we reported that micron-sized He bubbles and holes were formed on tungsten surfaces even with an incidental ion energy of 10 eV, while hole formation was significantly reduced as the incident ion energy decreased to less than approximately 5 eV. 5) In plasma exposure experiments, it is difficult to match the surface temperatures of samples when the incident ion energy of each sample is changed under the same flux of plasma, because the surface temperature of the sample depends on the plasma flux and the incident ion energy (described in section 2.2). In the previous paper, we focused on the surface modification of W samples under same flux of helium plasma, which led to inconsistencies in the surface temperatures among the samples. 5) In this paper, we report on the experimental results obtained with consistency in the surface temperatures of the samples.
Experimental Set-up

Experimental devices
Plasma exposures were carried out in the linear divertor plasma simulator NAGDIS-II. 6 ) Figure 1 shows a schematic view of NAGDIS-II, corresponding to a water-cooled vacuum chamber, 2.5 m in length and 0.18 m in diameter, equipped with 21 solenoidal magnetic coils. The magnetic field strength is up to 0.25 T. This device can generate a highdensity He plasma with an electron density of up to 10 20 m
À3
in the steady state, relevant to the divertor plasma conditions in present fusion experimental devices.
Experimental parameters and control of incident ion energy
When an electrically floating solid sample is inserted in a plasma, an electric field called an electrostatic sheath is formed in front of the sample surface, as shown in Fig. 2 . Ions are accelerated by the electric field and enter the surface with incident ion energy E i . Although almost all of the electrons are reflected due to the negative electric potential of the sheath, some energetic electrons overcome it and also enter the surface. The electric potential of the solid is referred to as the floating potential V f , where the ion current and electron current flowing to the surface are equal. The incident energy of a singly-charged ion on the surface is then determined by the equation
where e is the elementary electron charge and V p is the plasma space potential. E i can be controlled by changing the electric potential of the sample by biasing it with an arbitrary voltage, and determined from the difference between V p and the biased potential of the sample V b . Figure 3 shows a typical current-voltage (I-V) characteristic of a small tungsten target in He plasma in NAGDIS-II, which was obtained by a singleprobe measurement. A probe with a sample mounted on the head is used as a single probe, which is described in detail in section 2.3. The total current to the target probe I t is the sum of the ion current I i and the electron current I e (I t ¼ I i þ I e ), * Graduate Student, Nagoya University Materials Transactions, Vol. 46, No. 3 (2005) pp. 561 to 564 Special Issue on Fusion Blanket Structural Materials R&D in Japan #2005 The Japan Institute of Metals which rises rapidly due to the exponentially increasing I e as V b approaches V p . This means that the surface temperature T s of the sample depends on the flux and the incident energy of the electrons as well as those of the ions. The surface temperature has not been controlled independently of the biasing voltage so far. This is the reason why inconsistencies in surface temperatures appeared among W samples in the previous experiment. 5) On the assumption that I i does not change as long as V b is less than V p , the incident ion flux À i is estimated from the equation I si ¼ eÀ i S, where I si is the measured ion saturation current and S is the surface area of the sample. The ion fluence of the sample È i is given by the product of À i and exposure time t (È i ¼ À i Â t).
Tungsten samples mounted on target probe
W disks, 3 mm in diameter and 0.2 mm in thickness with a 3 mm leg, were cut from a powder-metallurgy tungsten sheet (99.95 (%) purity: Nilaco Co. Tokyo) using an electric discharge machine (EDM). Samples were supersonically cleaned in an acetone solution after being mounted on a probe head by the spot welding method. Figure 4 shows a schematic of the target probe and experimental configuration. The surface temperatures of samples during plasma exposure were measured by a radiation pyrometer through the Pyrex window. 
Sample annealing
As described in section 2.2, a sample is heated by electron heat flux in the plasma. Although a very small fraction of the high-energy ions may be implanted into the sample, their contribution to surface modification is considered to be negligible when V b is greater than the value of V p , where almost all ions are reflected due to the relatively positive potential. Using this characteristic, three samples (W1, W2, and W3) were annealed at 2000 K for 30 minutes in He plasma by an incident electron heat flux. Figure 5 shows a scanning electron microscopy (SEM) image of a W sample after annealing. The surface was recrystallized and clear grain boundaries were seen on the surface. Figure 6 (a) shows a transmission electron microscopy (TEM) image of an asreceived virgin W surface. Many dislocations, which probably formed during manufacturing, are observed in the figure as indicated by the arrows. The dislocations disappeared after 30 minutes of annealing at 2000 K (Fig. 6(b) ). No He bubbles were seen in the annealed sample.
Experimental Results and Discussion
Dependence of hole structure on incident ion energy
After annealing, each sample was exposed to He plasma with an appropriate biasing to control the incident ion energy. Lower ion fluxes and longer exposure times were employed for samples W2 and W3 compared with those for W1, in order to control their surface temperatures and fluences so as to be at the same level as W1 (see section 2.2). The experimental conditions are shown in Table 1 .
SEM analysis showed a heavy hole structure or porous structure in sample W1, which was exposed to He plasma with about 10 eV ions at 2200 K to a fluence (È i ) of 6:8 Â 10 26 m À2 , at a flux (À i ) of 9:4 Â 10 22 m À2 s À1 , for 7200 s, as shown in Fig. 7(a) . Many holes of about 1$2 mm in diameter were observed on the surface. On the other hand, the number and size of holes were drastically reduced in sample W2, with E i of around 5 eV (T s ¼ 2200
, and t ¼ 9600 s) compared with sample W1. Although there were still holes with diameters of hundreds of nm in W2, most of them were localized along the grain boundaries, as shown in Fig. 7(b) . No hole structure was seen in sample W3, with E i of around
, and t ¼ 10800 s), as shown in Fig. 7(c) . No holes were observed even on the grain boundaries. This result indicates that there is a threshold of incident ion energy for hole formation on the W surface.
In a previous paper, 5) we discussed the possibility that the surface barrier potential energy of W for a He atom, which is about 5$6 eV, prevents He ions with low E i (.5 eV) from penetrating into the W substrate. 7) However, there are no experimental data on particle reflection coefficients in the low-energy region of less than 10 eV, and the theoretical model indicates that there is no significant energy dependence in the low energy region. 8) Further study is required to make clear the mechanism. Figure 8 shows a fracture surface of sample W1. Large He bubbles (hereafter referred to as ''micron-bubbles'') of 1$2 mm in diameter are seen in the subsurface eyes. The tops of some micron-bubbles reach the surface, resulting in hole formation. This means that there is no essential difference between micron-bubbles and holes. The micronbubbles as indicated by white arrows in Fig. 8 are believed to be evidence of bubble coalescence. Marocov et al. have indicated the importance of the coalescence of small bubbles for bubble growth by observing He bubble growth on Ni subsequently annealed at 750 K after 500 keV He preimplantation. 9) Our result also points to the possibility that He bubbles grow to micron-sized bubbles with repeated coalescence of small bubbles.
He bubble growth due to bubble coalescence
Conclusion
W surfaces were exposed to low-energy and high-flux He plasma at a temperature of 2200 K with a fluence of approximately 7 Â 10 26 m À2 . The experimental results showed that hole formation is reduced as the incident energy of He ions decreases to less than approximately 5 eV. Further study is required to elucidate the physical reason that determines hole formation. Analysis of a cross section of the W surface with a hole structure indicates that He bubbles grow to micron-sized bubbles due to bubble coalescence.
